An angle-resolved soft x-ray spectroscopy study of the electronic states of single 
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Angle-resolved soft x-ray measurements made at the boron K-edge in single crystal MgB2 provide 
new insights into the B-2p local partial density of both unoccupied and occupied band states. The 
strong variation of absorption with incident angle of exciting x-rays permits the clear separation of 
contributions from a states in the boron plane and 7r states normal to the plane. A careful comparison 
with theory accurately determines the energy of selected critical k points in the conduction band. 
Resonant inelastic x-ray emission at an incident angle of 15° shows a large enhancement of the 
emission spectra within about 0.5 eV of the Fermi level that is absent at 45° and is much reduced at 
60°. We conclude that momentum transferred from the resonant inelastic x-ray scattering (RIXS) 
process couples empty and filled states across the Fermi level. 



74.25.Jb, 71.20.-b, 78.70.Dm, 78.70.En 



I. INTRODUCTION 

The discovery of superconductivity in MgB2 came as a 
surprise. 1 Its unusually high transition-temperature im- 
mediately motivated intensive investigations. Although 
the conventional BCS mechanism most likely underlies 
this peculiar superconductivity, the precise mechanisms 
are less clear. Different sample qualities and different ex- 
perimental techniques show inconsistent gap values rang- 
ing from 2 meV to 7 meV. 2 However, in a single crys- 
tal sample, results are less ambiguous. A recent angle- 
resolved photoemission (PE) study on a small MgB2 sin- 
gle crystal showed detailed dispersion of the occupied 
band along the T — K and T — M directions. 3 However, 
due to the large background and low intensity for normal 
emission, the dispersion along the fc 2 -direction was not 
resolved. 

Soft x-ray absorption (SXA) spectroscopy 4 comple- 
ments PE by providing an element and angular momen- 
tum selected local, partial density of states (LPDOS) of 
the unoccupied bands. Similarly, soft x-ray fluorescence 
(SXF) spectra provide a measure of the LPDOS for the 
occupied valence bands. Although these spectroscopies 
are not generally selective for momentum, they can often 
provide an accurate measure of density of states features 
associated with critical points of the band structure and 
thus provide a detailed check on theoretical band calcu- 
lations. These features of x-ray spectroscopies are clearly 
illustrated in a recent paper (the first paper of Ref. [5]) 
on MgB 2 , 5 which used SXF and SXA studies to map the 



boron p-LPDOS for a polycrystallinc sample. 

We have recently shown that in an anisotropic material 
such as NaV205, 6 additional selectivity can be obtained 
by varying the incident angle of the exciting x-rays. By 
varying the incident angle of exciting x-rays so that the 
polarization vector is varied with respect to a bond di- 
rection, it is possible to selectively excite electrons to 
electronic orbitals having particular spatial orientation. 
In this paper, we report angle resolved soft x-ray absorp- 
tion and emission measurements at the boron fC-edge of 
a single crystal film of MgB2. The soft x-ray absorption 
spectra provide a measure of the B-2p LPDOS for unoc- 
cupied states above the Fermi level. The angular resolved 
spectra allow us to separate excitation to band states de- 
rived from B a states directed within the boron plane and 
7T states directed perpendicular to the plane. The results 
enable us to identify critical points of unoccupied band 
states along several crystal- momentum directions, which 
can be directly compared to our theoretical calculations. 

For excitation near a band edge, the excitation and 
emission processes may be coupled so that the emission 
spectra must be interpreted in terms of a resonant inelas- 
tic x-ray scattering (RIXS) process. In the RIXS process 
incident x-rays excite electronic excitations and are scat- 
tered with reduced energy. Previous RIXS experiments 
in graphite, 8 diamond, silicon, cBN 9 and hBN 10 show 
that in well screened and delocalized electronic systems 
the momentum conservation inherent in the RIXS pro- 
cess can provide direct information about band disper- 
sion. These analyses generally assume that the momen- 
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turn transferred in the RIXS process is small on the scale 
of the Brillouin zone so that the electronic excitations 
induced by RIXS are nearly vertical in the reduced zone. 
In MgB 2 , however, we observe a strong enhancement of a 
narrow band of states near the top of the occupied band 
that requires an electronic excitation across the Fermi 
level and thus a transfer of momentum. The variation 
of this enhancement with incident angle demonstrates 
that the enhancement is a result of momentum transfer 
from the RIXS process, and not primarily associated with 
other processes such as phonon-assisted transitions that 
might allow momentum to be conserved. 

The paper is arranged as follows. In Section II, we 
present the angular-resolved absorption spectra. The 
angular-resolved RIXS spectra are presented in Section 
III. 



II. ANGULAR RESOLVED X-RAY ABSORPTION 
SPECTRA 

A single crystal of MgB 2 was grown as a thin film of 
400 nm thickness on the i?-plane (1102) of an AI2O3 
substrate. 11 An amorphous B thin film was deposited 
by pulsed laser deposition and a high-quality and single 
crystal MgB2 film was obtained by sintering the thin film 
at 900° C for 20 minutes in Mg vapor. The crystal qual- 
ity and orientation was confirmed by x-ray diffraction. 
The process is described in detail elsewhere. 11 The dc 
magnetization measured with a superconducting quan- 
tum interference device (SQUID) magnetometer showed 
that the superconducting transition temperature (Tc) is 
39 K, and the 10-90% transition width is 0.7 K. Our soft 
x-ray measurements were made at room temperature at 
Beamline 8.0 of the Advanced Light Source at Lawrence 
Berkeley National Laboratory. The slits of the beamline 
monochromator were set to provide a resolution of about 
0.1 eV for the absorption spectra, while the resolution of 
the emission spectrometer is about 0.2 eV at the 190 eV 
energy of the Boron K spectra. 

The experimental geometry is indicated in Fig. 1. 
MgB2 is a layered compound with alternating layers of 
boron and Mg stacked along the c axis. Graphite-like 
hexagonal layers of boron lie in the a — b plane. Linearly 
polarized x-ray light from an undulator and monochro- 
mator was incident on the sample. By rotating the sam- 
ple holder, we can scan the polarization vector from the 
a — b plane toward the c axis with 9 changed from 15° 
to 45°. 9 measures the angle between the incident x-ray 
beam and the sample normal as well as the angle between 
the polarization vector of incident photons and the a — b 
plane. 

Figure 2(a) shows the dramatic change of the absorp- 
tion spectra measured in total fluorescent yield mode 
with 9. The spectra shown are taken at 7.5° intervals 
from 15° to 45° with angles measured from the a — b 
plane. The experimental spectra of Fig. 2(a) are nor- 
malized with respect to the total areas from 183.55 to 



208.55 eV (boron K-edge). Experimental and theoreti- 
cal spectra are aligned with peak labeled a. The Fermi 
level is set to zero (long dashed line). The zero energy 
corresponds to an energy of 187.28 eV with uncertainty 
of about 1 eV in the absolute energy, consistent with our 
previous measurement. 5 The relative energies of emission 
and absorption spectra are calibrated to be accurate to 
about 0.1 eV. Figure 2 shows that the Fermi level cuts 
through the pre-edge of peak a, a result which agrees 
with the photoemission data 3 and shows normal metallic 
behavior. We identify six spectral features labeled from 
a to /. At 6 = 15°, only two peaks a and / are observ- 
able leaving a 4 eV-wide valley from 1 eV to 5 eV. As the 
polarization rotates from the a — b plane toward the c 
axis, peak a grows slightly while peak / drops. The most 
remarkable change is in the valley where the whole valley 
is gradually filled. We will concentrate on the two broad 
peaks at 2.2 and 2.8 eV above the Fermi level, which 
increase in amplitude to a point comparable to peak a. 
We note here that in a polycrystallinc or powder sample 
these angular dependent changes in the absorption spec- 
tra are not observed because they are intrinsically angle 
averaged. 12 

Our calculated ab initio results are shown in Fig. 2(b), 
where we also present two additional spectra at 9 = 0° 
and 90°. For an easy comparison, we plot spectra cal- 
culated for the exact same experimental conditions. The 
angular variation results from explicit calculation of the 
dipolc matrix elements taking into account the projec- 
tion of the polarization vector on the orbital amplitude 
in real space. The theoretical calculations have been de- 
scribed in greater detail in a recent paper on NaV20s. 7 
In brief, we calculate the eigenvalues and wavefunctions 
by solving the Kohn-Sham equation, 

h 2 

ff* nk (r) - {-—V 2 + f cff }*„ k (r) = £ nk * nk (r) . (1) 
2m 

Then, we compute transition matrix elements between 
the core level and unoccupied bands. It is quite impres- 
sive that the theoretical spectra reproduce the experi- 
mental ones very accurately. Both the overall shape and 
peaks and valleys are consistent with the experimental 
counterparts. A quantitative comparison is given in Ta- 
ble I. One notices that except for peak /, theoretical 
results for peaks and valleys from b to e are about 0.2 
eV larger than the experimental ones, which may sug- 
gest band narrowing possibly due to correlation effects. 
This band narrowing, if real, is much smaller than the 
simple metals such as Na, Li and Mg, 13 especially con- 
sidering the experimental uncertainty of about 0.2 eV. In 
any case, the effect is small. 

A. Incident at = 15° 

The good agreement between theory and experiment 
paves the way for a detailed investigation of the origin of 
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the peaks. To help our analysis, we draw several verti- 
cal short-dashed lines across both the absorption spectra 
[Figs. 2(a) and 2(b)] and the band structure [Fig. 2(c)] 
to highlight important connections. We label those cross- 
ing points of peaks a, c, d and / by a\, a 2 , etc. With an 
incident angle of 15°, the polarization vector is 15° from 
the a — b plane, so that we mostly probe the cr-orbitals 
directed between B atoms lying in the a-b plane. For 
excitation to states within 0.5 eV of the absorption edge, 
we see from the spectra that only peak a is excited. Now 
comparing with the band structure, we can see six differ- 
ent points from a\ to ae which potentially contribute to 
this peak and distribute almost evenly along all momen- 
tum directions. For instance, points a\ and 0,4 in Fig. 
2(c) fall near the T point along the T — M and Y — K 
lines respectively, while a 2 is close to the M\ point. a 3 
is almost in the middle of the V — K line, and 015, repre- 
senting two nearby points along the A — L line, is close 
to the A point, whereas a 6 along the A — L line is close 
to the L point. 

If we solely depended on the energy position, we would 
not be able to resolve these different band contributions 
to the a peak, a common complication in soft x-ray spec- 
troscopy. Fortunately, MgB2 is highly anisotropic so that 
there are strong variations in the angular dependent tran- 
sition matrix elements that allow us to resolve the contri- 
butions from different bands. We can use the transition 
matrix elements {t^ n k{r)\E ■ r\ipBis(r)) to resolve these 
features, where IV'nfcM) is the band state and \tpBis(r)) 
is the boron Is core level. Transition matrix elements 
contain both the direct space and reciprocal space infor- 
mation, which helps us to probe the spatial orientation 
of orbitals and reveal the dispersive band in momentum 
space. 

In Fig. 3, in the upper part, we show the BZ in the 
three dimension, while in the lower part, we plot the cal- 
culated transition matrix elements at various positions in 
the BZ and for different angles of the incident light. The 
four columns represent the transition matrix elements for 
four peaks from a to / in the momentum space. Rows 1 
and 2 refer to k z — plane at the bottom of the BZ which 
contains the T point while 3 and 4 refer to k z = 2ir/c 
plane at the top of the BZ which contains the A point 
(see the top graph in Fig. 3). The first and third rows 
refer to the results at = 15°, while the second and 
fourth ones the results at 6 = 45°. The high symmetry 
k points are also indicated in Figs. 3(a) and 3(c) for the 
top and bottom planes. Numbers near the contours in 
Fig. 3 indicate the magnitude of transition matrix el- 
ements (in arbitrary units). First focus on Figs. 3(a) 
and 3(c), which show the matrix elements contribution 
to peak a for 9 — 15°. From those two figures, one can 
see clearly that the largest transition matrix elements are 
well localized at the T point and in the vicinity of the A 
point while contributions from other directions are very 
small. In three dimensions, it is found that the matrix 
elements remain equally strong for the region surround- 
ing the r — A line that lies within the tubular Fermi 



surface 14 that surrounds this line (see the top graph of 
Fig. 3). Returning to Fig. 2(c), now we can identify that 
band states at 01(04) and 05 contribute most strongly to 
peak a. Therefore, the position of peak a can be used to 
measure the position for Ti, which is 0.27 eV above the 
Fermi surface. Our assignment is also consistent with the 
nature of the a band along the Y\ — A\ line. It is well 
known that this famous a band is derived from electronic 
orbitals in the a — b plane. Since our present electric field 
polarization is nearly in the a — b plane, this band is 
strongly excited. 

If we increase the incoming photon energy to 0.69 eV 
(with respect to the Fermi level) , the spectra start to fall 
sharply since there is no density of states above A\ and 
bands along M — K — Y can not be effectively excited (see 
below). When we increase the photon energy further up 
to the T 2 point, we begin to access a new band (04 and 
c 5 , or 04 and ds), thus we would expect a strong increase 
of the spectral weight. Surprisingly, we see a 4 eV-widc 
valley instead. The valley also appears in the theoretical 
spectra (see Fig. 2(b)). The transition-matrix element 
contours in Figs. 3(e) and 3(g) are for peak c, and in 
Figs. 3(i) and 3(k) for peak d, but the matrix elements 
are small. 

In order to obtain a qualitative understanding of these 
variations in the matrix elements, we calculated the spa- 
tial charge density distribution. For the bands at point 
cq (similarly dg, ci and C3), we find that they are derived 
from 7r-orbitals and are highly oriented along the c axis 
(see Fig. 4(a)), which explains why they can not be ef- 
fectively excited. However, this does not explain bands 
at points C4, C5, (I4 and (I5 since they do lie in the a — b 
plane (see Fig. 4(b)). A very careful investigation re- 
veals the secret: those orbitals in Fig. 4(b) arc strongly 
localized around Mg sites, not B sites. Since our mea- 
surement is element-specific and is done at the boron K 
edge, we are not sensitive to orbitals around the Mg sites, 
which explains the appearance of the 4-eV wide valley at 
9= lb . 

Above the valley labeled e at 3.66 eV, the spectra in- 
crease in intensity. Further increasing the photon energy 
to 6.0 eV above the Fermi level, we pick up high- lying a 
bands along the T3 — Ai direction and the Y — K (A-L) 
line. This can be seen directly from the transition-matrix 
contour plot in Figs. 3(m) and 3(o). Therefore, the en- 
ergy position of peak / is a good measure of the position 
of the T3 and A2 points. Our experiment gives the value 
of 6.65 eV, which can be compared with the theoretical 
value of 6.55 eV. 



B. Incident at 6 = 45° 

When we rotate the polarization vector from the a — b 
plane toward the c axis (9 = 45°), we begin to probe or- 
bitals which are oriented along the c axis. We start from 
peak a. Comparing Figs. 3(a) with 3(b) (Figs. 3(c) with 
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3(d)), one notices that the spectral weight moves away 
from the T (A) point to the M-K (H-L) line. Qualitatively 
we can say that the contribution to this peak from the 
cr-bands is decreasing with angle while the contribution 
from the 7r-bands bands is strongly increasing. Clearly, 
these angular measurements give us the ability to cleanly 
separate the contribution of bands with different spatial 
orientation to the measured density of states. 

As the angle is increased, two broad peaks c and d ap- 
pear at 2.2 and 2.8 eV above the Fermi surface (see Figs. 
2(a) and 2(b)), respectively. Although there are six cross- 
ing points contributing to peak c, we can safely exclude 
ci, C4 and C5 since they are from Mg sites. The transition 
matrix contour in Fig. 3(f) shows that states with large 
elements are near the K point, while at k z — 2n/c, the 
matrix elements are only half that of the states at k z = 
(see Fig. 3(h)). Therefore, peak c predominantly comes 
from states at C2 and C3 and determines their energy po- 
sitions. The momenta for these states are (0.38,0.25,0) 
and (0.3,0.3,0), respectively. They form a hot spot which 
leads to peak c. For peak d, the transition matrix contour 
plot (see Fig. 3(j)) shows that the dominant contribution 
comes from states along the M — K and T — K lines. 
States at g?4 and d$ (see Fig. 2(c)) do not contribute 
because those states originate from Mg sites. The main 
contribution is from bands at di and d-$ which are highly 
oriented along the c axis (see Fig. 4(a)). They form 
another hot spot which ultimately leads to peak d. By 
carefully analyzing the data, we find that point d 3 is at 
(0.28, 0.28, 0) in the reciprocal space while point cfe is at 
(0.46, 0.09,0), very close to the M point. The position of 
peak d of 2.8 eV is a good measure of the energy position 
for the M 2 point. 

Summarizing all the data, we tabulate in the last col- 
umn of Table I the measured values of unoccupied band 
states at selected points of both high and low symmetry 
in k-space. These measured values of particular points in 
k-space provide values that may be compared directly to 
calculated values. 



III. ANGLE RESOLVED RESONANT INELASTIC 
SCATTERING 

We now turn our attention to the soft x-ray (SX) emis- 
sion spectra produced when electrons from occupied va- 
lence states refill the excited core state. Well above the 
excitation threshold, the excitation and emission pro- 
cesses are always decoupled so that the normal SX flu- 
orescence (SXF) spectra represent the boron p-LPDOS 
of the filled valence band. Near threshold, however, the 
absorption and emission processes are often strongly cou- 
pled and must be described in terms of a resonant in- 
elastic x-ray scattering (RIXS) process. An important 
defining feature of RIXS spectra is that the energy dif- 
ference between incident and scattered electrons is equal 
to the energy of the electronic excitations so that RIXS 



features move in energy with the excitation energy, while 
normal SXF features remain fixed in energy. For near 
threshold excitation, normal SXF and RIXS are often 
superimposed. In the present data, resonant features in 
the SXF spectra are observed near threshold for excita- 
tion to the a states that contribute to peak a in Fig. 2. 
For energies more than 1 eV above the absorption thresh- 
old, the spectra do not change with further increases in 
energy and are representative of SXF spectra. 

The emission spectra are presented in Fig. 5 for exci- 
tation energies within 1 eV of the boron K edge. Note 
that the Fermi level is at about 187.28 eV. Spectra are 
shown for incident angles of 15° and 60°. Figure 5(a) 
shows the results at 15° where we have seen that exci- 
tation is mainly into the a states. When we excite at 
187.25 eV, only an elastic peak A can be seen. Increas- 
ing the excitation energy to the threshold of 187.50 eV, 
a shoulder appears on the low energy edge of A and a 
broad peak B appears around 185.05 eV. Its energy posi- 
tion stays the same even with higher excitation energies 
of 188.00 and 188.25 eV, which identifies it as a normal 
fluorescence peak, where the excitation and de-excitation 
processes are decoupled. 

From Fig. 5(a), we notice that at the excitation energy 
of 187.50 eV, the elastic peak A becomes asymmetric and 
broader. The shape of its left shoulder indicates a possi- 
ble peak hidden there. This is indeed the case. When we 
further increase the excitation energy to 187.75 eV, peak 
C is revealed at 187.30 eV. Two significant features of 
this peak may be noted. The strong resonant enhance- 
ment of the peak remains visible so long as absorption 
is into the tr-band and ends when the excitation energy 
exceeds the Ai point of this band (see Fig. 2). The 
resonance region extends only to about 1 eV below the 
Fermi edge and thus does not include the lower energy a 
states. With excitation at an incident angle of 60° shown 
in Fig 5(b), the resonant enhancement is greatly reduced, 
but is still present. For excitation at 45° (not shown), no 
enhancement at all is observed in the SXF spectra. Com- 
paring Figs. 5(a) with 5(b), we find that they are very 
similar, and within our experimental resolution of 0.2 eV 
the peak positions are identical (see Table II). The only 
significant difference is the reduction in the magnitude of 
the resonant enhancement near the Fermi level when the 
angle is increased from 15° to greater angles. 

It is difficult to account for the resonant enhancement 
in terms of an ordinary RIXS process in a delocalized 
system, because k-conservation is expected for the two 
photon scattering process. K-conservation follows from 
the Kramers- Hcisenberg formula that describes the RIXS 
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final states, and E gs , E m , and Ef are their energies, re- 
spectively; u> and ui' are the incident and emitted photon 
energies; V is the spectral broadening due to the core 
lifetime in the intermediate state, p ■ A is the transition 
operator. If IV'nfci) is the intermediate state m) with 
momentum k\ and \ip n k 2 ) is the final state |/} with mo- 
mentum &2, besides the energy conservation, the total 
momentum should be conserved, i.e., q + ki = q' + fc 2 , 
where q and q' are momenta for the incoming and outgo- 
ing photons, respectively If the photon momenta q and 
q' were negligible as is the case in visible spectroscopy, 
we would have k\ w fc 2 or zero momentum transfer. 

Previous calculations 14 show that the empty states 
from the a band lie in a small tubular region in k-space 
surrounding the T-A axis, 14 while the filled states from 
this band are located outside of this tube. This behavior 
can also be seen for the T-K, T-M and A-L axes in Fig. 
2(c) and are similar for all other directions normal to 
the T-A axis. Thus the resonant enhancement requires a 
mechanism that provides momentum normal to this axis 
and couples the empty states inside the tube to the filled 
states outside the tube. 

First, we will estimate the magnitude of the energy 
loss and momentum transfer for the enhanced emission. 
When excited at 187.75 eV, the resonant inelastic peak 
C in Fig. 5(a) has the energy loss that is centered at 
about 0.5 eV and covers a range of about 1 eV. To excite 
this range of energies requires a momentum transfer in 
the range of 0.1 on the scale of 2n/a which sets the scale 
of the BZ. All subsequent momentum values are quoted 
on this scale. 

We have considered two possible processes that might 
provide the required momentum. They are phonon 
assisted transitions and momentum transfer from the 
RIXS scattering process. 15 A previous calculation of the 
phonon spectrum 16 shows that the in-plane phonon mode 
E 2g has a very strong electron-phonon coupling (EPC) 
along the T-A, T-M, and A-L directions. Such a strong 
but selective coupling might provide way to transfer mo- 
mentum from the phonon subsystem to the electronic 
subsystem. Since there is no valence state available along 
the L-A direction, its strong coupling is irrelevant to the 
anomalous enhancement. The most important coupling 
is along the T-M and A-L directions. To be more spe- 
cific, the in-plane Ei g phonon mode with the strongest 
EPC is the most important 16 . Along the T-M direction, 
phonon can transfer momentum q to maximum values of 
(0.15,0,0), while along the A-L direction, transfers occur 
to maximum values of q = (0.2,0,0.5). These momen- 
tum transfers are of the correct order of magnitude to 
efficiently couple the excitation and de-excitation pro- 
cesses. 

Since momentum is transferred in the SX scattering 
process, we also considered the possibility that this ac- 
counts for the observed enhancement. As indicated in 
Fig. 6(a), the scattering of X-ray photons through 90° 
requires a transfer of momentum in the interaction with 
the surface along a line 45° from the incident direction. 



For 15° angle of incidence on the sample, the momentum 
transfer normal to the T-A line is calculated to be about 
0.03 (27r/a), while for a 45° angle of incidence, there is no 
momentum transfer normal to this line. The mechanism 
is illustrated schematically in Fig. 6(b). 

The variation of the magnitude of the resonant en- 
hancement as the incident angle is varied allows us 
to choose between these two mechanisms. A phonon- 
assisted process should not depend on angle so that the 
enhancement in the spectra should only be reduced mod- 
erately by the change in the projection of the polarization 
on the <7 orbitals in the a — b plane. If the momentum 
is provided by the RIXS scattering process, the enhance- 
ment should be absent at 45° and greatly reduced at 60° . 
The measured enhancement is indeed found to be unob- 
servable at 45° and greatly reduced at 60°. We conclude 
that the enhancement is enabled by the momentum pro- 
vided by the RIXS process, allowing non-vertical transi- 
tions within the BZ. 

We note finally that two separate angular dependent 
effects are present in the RIXS spectra. First the projec- 
tion of the polarization vector of the incident x-rays on 
the orbitals determines the intensity of the absorption 
into the derived intermediate states. This factor falls 
off as a function of cos 9 with increasing incident angle. 
And second, the resonant enhancement near threshold 
depends on the momentum transfer perpendicular to the 
r — A axis provided by the RIXS process, which varies as 
cos(# — 45°) with a 90° scattering angle. A new experi- 
mental endstation will soon be available that will permit 
the scattering angle in RIXS measurements to be varied 
over a wide range, which will greatly facilitate the study 
of momentum transfer effects. 
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TABLE I. A comparison between experimental and theoretical energy positions for six peaks and valleys. The last column 
shows their corresponding crystal momenta and assigned special symmetry points. All the energies are referenced to the Fermi 
level. 



& valley 


Experiment (eV) 


Theory (eV) 


Deviation (eV) 


A:— point 


a 


0.27 


0.27 


0.00 




b 


1.25 


1.49 


0.24 


r 2 


c 


2.24 


2.43 


0.19 


(0.38, 0.25, 0) 


d 


2.83 


2.96 


0.13 


(0.3, 0.3, 0) 
(0.46, 0.09, 0)(M 2 ) 
(0.28, 0.28, 0) 


e 


3.66 


3.79 


0.13 


M 3 


f 


6.65 


6.55 


-0.10 


r, (A 2 ) 



TABLE II. The resonant inelastic peak positions for two different angles 6 — 15° and 6 — 60°. At 6 = 15° the strong 
electron-phonon coupling in the flat a band leads to a surprising enhancement of peak C at 187.30 eV. The energy units are in 
eV. The experimental uncertainty is about 0.2 eV. 



G 



Excitation energy 




9 = 15° 






9 = 60° 




A 


B 




C 


B 




C 


187.50 


185.05 






185.05 






187.75 


185.05 




187.30 


185.05 




187.07 


188.00 


185.05 




187.21 


185.05 




186.95 


188.25 


185.05 




186.98 


185.05 




186.95 



FIG. 1. Experimental geometry. A linearly polarized photon with energy uii n is incident on the sample, and the outgoing 
photon energy becomes aw. n is surface normal, E is polarization of incident photon, (a — b) is plane of boron atoms, and c 
is normal to boron plane. 

FIG. 2. (a) The angular- resolved experimental absorption spectra at the boron K— edge. 9 represents the angle between the 
electric polarization E and the a — b plane. We scan from 15° to 45° with incremental angle of 7.5°. Six peaks and valleys are 
labeled by a — /. The experimental geometry is shown in the inset, (b) Theoretical spectra with the exact same condition. 
Two dashed curves represent results at and 90°, respectively, (c) Band structure. Vertical short-dashed lines highlight the 
connection between the band structure and absorption spectra. Crossing points are denoted with ai, ai, as, etc. The long 
vertical line represents the Fermi level which is set to zero. 

FIG. 3. Transition-matrix element contour in the reciprocal space. The x axis denotes the k x while the y axis the k y axis. 
Four columns represent results for peaks a, c, d and /, respectively. The first and third rows are calculated at 9 = 15°, while 
the second and fourth rows are at 9 = 45° . The first and second rows are for the crystal momentum k z — while the third and 
fourth rows are for k z = 2tt/c. Numbers (in arbitrary units) near contours show the magnitude of transition matrix elements. 
The high symmetry points are shown in (a) and (c), and are also shown in 3-dimensional BZ. 

FIG. 4. Unoccupied spatial charge density plot in the y — 2 plane (the z axis is same as the c axis), (a) represents charge 
distribution for bands at point C3 (see Fig. 1(c)) and other points C2, (I2 and ds- The charge is mainly located around boron 
sites, (b) represents those bands at point C4 (see Fig. 1(c)) as well as other points ci, c 5 , di, d±, and d 5 . The density is located 
around magnesium sites, which makes little contributions to our absorption spectra. 

FIG. 5. Resonant inelastic x-ray scattering spectra measured at (a) 9 = 15° and (b) 9 = 60°. The main difference is that 
at 9 = 15°, there is an enhancement of the inelastic peak C at excitation energy of 187.75 eV. The Fermi energy is at about 
187.28 eV. 

FIG. 6. (a) Momentum transfer Ak in RIXS process. The projection of the momentum transfer along the a/b plane changes 
with the incident angle, with the minimum at 45° in our experimental geometry. kj n and k ou t are incident and outgoing 
momenta, respectively, n denotes the surface normal or the c axis, (b) With momentum transfer Ak, valence electrons from 
different bands can recombine with the core hole, showing a strong enhancement in the RIXS spectra (see Fig. 5(a)). 
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